ABSTRACT. In this work has been estimated the compressive strength of a unidirectional lamina of a carbon/epoxy composite material, using the cross-ply and angle-ply laminates. Over the years various methods have been developed to deduce compressive properties of composite materials reinforced with long fibres. Each of these methods is characterized by a specific way of applying load to the specimen. The method chosen to perform the compression tests is the Wyoming Combined Loading Compression (CLC) Test Method, described in ASTM D 6641 / D 6641M-09. This method presents many advantages, especially: the load application on the specimen (end load combined with shear load), the reproducibility of measurements and the experimental equipment quite simplified. Six different laminates were tested in compressive tests. They were realized by the same unidirectional prepreg, but with different stacking sequences: two cross-ply [0/90]ns, two angle-ply [0/90/±45]ns and two unidirectional laminates [0]ns and [90]ns. The estimate of the compressive strength of the unidirectional laminates at 0°, was done by an indirect analytical method, developed from the classical lamination theory, and which uses a multiplicative parameter known as Back-out Factor (BF). The BF is determined by using the experimental values obtained from compression tests.
INTRODUCTION
ince the '70s, many test methods have been developed to estimate the compressive properties of advanced composite materials. Depending on the way the load is applied, the mechanical characterization can be performed by the following methods: Shear Loaded, End Loaded, Sandwich-Beam and Combined Loaded Specimen Test Methods [1] . In this paper, a unidirectional Carbon Fiber Reinforced Polymer is characterized using the Combined Loading Compression (CLC) Test Method [2] . The main advantages of this method are [1] : -the combined load allows to test untabbed straight-sided specimens avoiding high stress concentrations; -the simple test method allows to obtain repeatable results; -the test fixture is small and simple to use (especially not room-temperature ones). The direct experimental determination of compressive strength of a carbon/epoxy unidirectional lamina, through mechanical test of 0° composite laminates, leads to an underestimation due to fibre micro-buckling failure [3] . Then, in this paper, the indirect determination of the compressive strength by testing cross-ply and angle-ply laminates is used.
METHODOLOGY
he indirect determination of the compressive strength of a 0° lamina is based on using a multiply factor, called Back-out Factor (BF) which is determined from the classical lamination theory, using the stiffness properties of the unidirectional material [4] . Therefore the unidirectional (UD) compressive strength is determined as follows:
where:
-ply maximum compressive strength; S T Lmax = maximum load applied to the specimen; A = cross-sectional area of the specimen. The BF values used in this paper are given by the following equation [3] :   0  0  11 22  12 12  2  11 22 12
o ij Q is the ij element in the transformed plane stress stiffness matrix for a unidirectional lamina ij A is the ij element in the laminate extensional matrix t is the total laminate thickness
In this study the cross-ply laminate is defined as a composite with plies oriented at 0° or 90° [5] and the angle-ply laminate is defined as a composite with plies oriented at 0°, ±45°, and 90°. The BF for symmetric and cross-ply laminate is given by the following equation [6] :
where: V 0 = fraction of 0° plies in the cross-ply laminate; E x = axial compressive stiffness of the 0° plies; Ey = transverse compressive stiffness of the 0° plies; ν xy = Poisson's ratio of 0° plies.
The BF for symmetric and angle-ply laminate is given by the following equation:
with:
where: Ex, Ey, and νxy have the same meaning of Eq. (3); Gxy = in plain shear modulus of elasticity; N = total number of plies; n = total number of 0° plies; p = total number of 90° plies; q = total number of +45° plies; k = total number of -45° plies;
In summary, the 0° lamina compressive strength is determined by equations: -(1) and (3), through the mechanical characterization of two UD laminates (0° and 90°) and a cross-ply laminate with a maximum of 50% of 0° plies [2] ; -(1) and (4), through the mechanical characterization of two UD laminates (0° and 90°) and an angle-ply laminate with a maximum of 50% of 0° plies.
EXPERIMENTAL
ix separate stacking sequences were used in the present experimental test campaign, as shown in Tab. 1. Test specimens were produced according to ASTM [2] , [7] . This procedure was simplified because untabbed specimens are permitted, The experimental tests were conducted at ambient laboratory conditions, using an MTS electro-hydraulic universal testing machine, equipped with an MTS 100 kN load cell. The test procedure is in accordance with ASTM D 6641 / D6641 M [2] which is referred to "Combined Loading Compression test fixture". All tests were performed at a constant displacement rate of 1.3 mm/min, while the data were acquired at a rate of 10 samples/s and processed in accordance with the same ASTM standard. A Wheatstone bridge system in half-bridge configuration, was used for strain measurements. This system was composed by an active strain gauge and a "dummy" for temperature compensation. The acquisition unit and the strain gauges used are HBM products. The specimens were instrumented with two strain gauges applied in two alternative back-to-back configuration in the gauge section, thus distinguished: 1) two unidirectional strain gauges; 2) an unidirectional strain gauge and a bidirectional strain gauge.
RESULTS AND DISCUSSION
verall 60 tests were carried out, as follows: 24 tests for cross-ply laminates (materials A and B with 10 instrumented and 14 not instrumented tests), 24 tests for angle-ply laminates (materials C and D with 12 instrumented and 12 not instrumented tests) and 12 tests for UD laminates (materials E and F, with 10 instrumented and 2 not instrumented tests). Normalized results are summarized, relative to an appropriate experimental value, in tables from 2 to 7, where the symbols are: σmax = compressive strength ESG1chord = axial compressive stiffness measured by strain gauge 1 1 E SG2chord = axial compressive stiffness measured by strain gauge 2 ΔE % = variation between ESG1chord and ESG2chord referred to their average value 1 Strain gauge 1 is identified with the bidirectional strain gauge (if present), or with the strain gauge whose data are recorded first. The data reported in Tab. 9 show that the compressive strength of the 0° lamina is greater if the estimate is done by crossply specimens. The maximum difference between angle-ply and cross-ply is of about 10%. In addition, the resistance values that agree better with those reported in the data sheet of prepreg, are those relating to cross-ply specimens. Finally, the cross-ply lamination is simpler than that of the angle-ply and the expression of the BF is considerably simplified in the first case than in the second. Then, the estimate of the 0° lamina strength, it's better by use of cross-ply specimens [0°/90°] ns . As examples, in the following Fig. 1 and 2 the plots obtained from 0° UD compressive tests are shown. They represent the typical mechanical behaviour of these composite materials. Fig. 1 shows, as expected, that the behaviour is of elastic type up to failure and Fig. 2 shows that the % bending of the sample is limited up to failure. The following Fig. 3 -6 show some optical microscope photographs of the samples failure. Images were taken by a WILD HEERBRUGG optical microscope. The Fig. 3 and 4 show a cross-ply laminate failure (overview and detail). The failure mode (brooming) of this specimen (B4) is in agreement with the acceptable failure modes reported in ASTM D6641 [2] -. The brooming failure was frequently observed in our cross-ply and angle-ply specimens. Welsh and Adams indicated that this failure mode is probably a post-failure phenomenon and that a true compressive failure was achieved prior to the brooming effect [3] . The conventional 0° unidirectional composite specimens, typically fail in a fibre micro-buckling mode before the compressive strength of individual fibres is achieved. In Fig. 9 a cross-ply sample was photographed (lateral view of brooming failure); it is observable a 0° ply between two 90° plies. The effect of the presence of the 90° plies, which limits locally the buckling of the fibres in a sample subjected to compression, is highlighted by the absence of kink-bands throughout the sample. In Fig. 10 is visible a detail of compression failure of some 0° fibres bundles, within the same sample of Fig. 9 . 
CONCLUSIONS
he present paper is aimed to study the unidirectional lamina compressive strength of a carbon/epoxy composite lamina by using two cross-ply and two angle-ply composite materials. The Combined Loading Compression Test Fixture (ASTM D 6641) was employed to execute the experimental tests. The results showed that failure strengths determined by using cross-ply and angle-ply specimens and Back-out Factors are about twice to those obtained for 0° unidirectional specimens. This is due to the phenomenon of fibre micro-buckling in the UD samples at 0°, which is instead limited in the cross-ply and angle-ply samples. Furthermore the values of strengths, determined by linear lamination theory, are in agreement with those reported in the data sheet of the prepreg used to make our composite materials. In particular the maximum compressive strength was obtained for cross-ply composite with the minimum percentage of 0° plies 21.1 %, while the value specified in the data sheet is between those obtained for the two cross-ply samples. The strength coefficients of variation (CV%), associated with the materials A, B, C and D, were between 3% (B composite) and 6% (A composite). Considering the type of material examined, these are low levels of data scatter. As previously mentioned, the compressive strength values obtained for the cross-ply composites agree better with those reported in the data sheet, compared to those obtained for the angle-ply composites. Also the cross-ply lamination is simpler than the angle-ply lamination and the BF equation is considerably simplified in the first case than in the second. Then, the estimate of the 0° lamina strength obtained by linear lamination theory, seems to be better for cross-ply specimens respect to angle-ply ones. Finally this indirect analytical method, developed according to the classical lamination theory, and applied to a 0° unidirectional lamina, produced an high compressive strength associated with a low data scatter, two attractive characteristics for this kind of composite materials.
